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© High-velocity flame spray apparatus and method of forming materials. 



© A supersonic flame spray apparatus (10) which 
comprises a body (12) which defines a bore, said 
bore having an inlet (20) to receive a feedstock and 
an inert carrier gas and an outlet the body further 
defining a converging throat (18) coaxially aligned 
and communicating with the bore outlet, the con- 
verging throat having a converging conical wall (16) 
facing and spaced from the bore outlet and having a 
throat outlet at the apex of the conical wall substan- 
tially coaxially aligned with the bore: the body further 
defining an annular fuel passage (32) surrounding 
the. bore, the annular fuel passage having an inlet to 
receive a fuel and an outlet adjacent the bore outlet 
and communicating with the throat: the body also 
defining an annular oxidant gas passage (40) sur- 
*J rounding the fuel passage and having an inlet to 
^receive an oxidant gas and an outlet adjacent the 
©bore and fuel outlets communicating with the throat; 
and throat receiving the fuel and oxidant gas frm the 
annular passage outlets prior to mixing and the coni- 
cal wall spaced sufficiently from the passage outlets 
to permit mixing and combustion of the fuel and 



to 



oxidant gas within the throat, the combustion in the 
©converging throat accelerating gaseous combustion 
^ products to a high velocity through the throat outlet 
LU at the apex of the conical wall coaxially aligned with 
the bore; and a barrel (14) being coaxially aligned 
with the bore and communicating with the throat 



outlet, the barrel having an opening to receive the 
gaseous combustion products and the feedstock and 
having an outlet discharging heated feedstock. 
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HIGH-VELOCITY FLAME SPRAY APPARATUS AND METHOD OF FORMING MATERIALS 



The present invention relates generally to 
flame spray apparatus and to methods of thermally 
spraying materials. More specifically, the present 
invention relates to a high-velocity flame spray gun 
which utilizes a continuous high-velocity diffusion 
reaction to. produce extremely dense materials 
such as. for example, coatings and freestanding 
near net shapes. Also provided are high-density 
materials formed by thermal spraying which have 
superior metallurgical and physical characteristics. 

Thermal spraying is utilized in numerous indus- 
tries to apply protective coatings to metai sub- 
strates. More recently.' thermal spray methods have 
.been the focus of attention for the fabrication of 
high-tech composite materials as coatings and as 
freestanding near net structures. By heating and 
accelerating particles of one or more materials to 
form a high-energy particle stream, thermal spray- 
ing provides a method by which metal powders 
and the t'ke may be rapidly deposited on a target. 
While a number of parameters dictate the composi- 
tion and microstructure of the sprayed coating or 
article, the velocity of the particles as they impact 
the target is an important' factor in determining the 
density and uniformity of the deposit. 

One prior art deposition technique known as 
"plasma spraying" employs a high-velocity gas 
plasma to spray a powdered or particulate material 
onto a substrate. To form the plasma, a gas is 
flowed through, an electric arc in the nozzle of a 
spray gun, causing the gas to ionize into a plasma 
stream. The plasma stream is at an extremely high 
temperature, often exceeding 10.000 degrees C. 
The material to be sprayed, typically particles from 
about 20 to 100 microns, are entrained in the 
plasma and may reach a velocity exceeding the 
speed of sound. While plasma spraying produces 
high-density coatings, it is a complex procedure 
which requires expensive equipment and consider- 
able skill for proper application. 

A combustion flame has also been used to 
spray powdered metals and other materials onto a 
substrate. A mixture of a fuel gas such as. for 
example., acetylene and oxygen-containing gas are 
flowed through a nozzle and then ignited at the 
nozzle tip. The material to be sprayed is metered 
into. the flame where it is heated and propelled to 
.the surface of the target. The feedstock may com- 
prise a metal rod which is passed axially into the 
centre of the .flame front or. alternatively, the rod 
may be fed tangentially into the flame. Similarly, a 
metal powder may be injected axially into the flame 
front by means~of a carrier gas. Many combustion 
' flame spray guns utilize a gravity feed mechanism 
by which a powdered material is simply dropped 



into the flame front. Conventional "combustion flame 
spraying, however, is typically a low-velocity opera- 
tion in the subsonic range and usually produces 
ccatings which have a high degree of porosity. 

5 In another spraying technique, an electric arc is 

generated in an arc zone between two consumable 
wire electrodes. As the electrodes melt, the arc is 
maintained by continuously feeding the electrodes 
into the arc zone'. The molten metal at the elec- 

io trode tips is. atomized 'by a blast of compressed 
gas. The atomised "metal is then propelled by the 
gas jet to a substrate, forming a deposit. Conven- 
tional electric arc thermal-sprayed coatings are 
generally dense and reasonly free of oxides. How- 

15 ever the process is restricted to feedstock materi- 
als which are electrically conductive and available 
" in wire or rod form which is unacceptable in some 
applications. 

More recently, a modification of combustion 

20 flame spraying has produced high-density articles 
which exhibit metallurgical and physical properties 
that are superior to" those produce using conven- 
tional flame spraying techniques. Commonly re- 
ferred to as "supersonic" flame spray guns, these 

25 devices generally include an internal combustion 
chamber in whicha mixture of a fuel gas, such as, 
for example, propylene or hydrogen, and an 
oxygen-containing gas is combusted. The expand- 
ing, high-temperature combustion gases are forced 

30 through a spray nozzle where they achieve super- 
sonic velocities. A feedstock, such as. for example, 
a metal powder, is then fed .into the high-velocity 
flame jet to produce a high-ternperature. high-ve- 
locity • particle stream. The' velocities of the en- 

35 trained particles produce coatings having higher 
densities than those produced by other subsonic 
combustion flame methods: Examples of these de- 
vices are shown in US-A-4 342 551. US-A-4 643 
61 1, US-A- 4 370 538 and US-A-4 71 1 627. 

40 Another flame spray apparatus is described in 

US-A-2 861 900. Therein, a fluid combust ble mix- 
ture is ignited in a barrel or nozzle element which 
comprises a confined space that is unconstricted 
from inlet to outlet. A feedstock, such as. for exam- 

45 pie. a metal- powder, is introduced axially into the 
unconstricted barrel through which it is propelled to 
a target. The axial bore of the injector nozzle is 
utilized to convey both the fuel gas and the feed- 
stock. Thus, feedstock is entrained in the fuel gas 

so prior to combustion. During combustion, particle 
trajectories acquire radial components which may 
cause heated feedstock particles near the barrel 
wall to strike and accumulate on the wall surfaces. 
In addition, the effect of this particle motion is 
enhanced due to the large distance between the 
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particle injection site and the combustion zone. 
This radial velocity also reduces the average ve- 
locity of the particles. As will be more fully ex- 
plained, the presenf invention overcomes these 
limitations and provides numerous other advan- 
tages by providing a supersonic flame spray ap- 
paratus in which a steady-state continuous high- 
velocity diffusion. reaction is created that produces 
an axial, collimated flow -of particles and which 
allows independent regulation of the particle, injec- 
tion rate and the fuel gas flow rate. 

Prior art thermal spray methods have been 
used to form composite materials by simultaneous- 
ly spraying' two -„ or more distinct materials. 
Ceramic-ceramic composites, and ceramic-metal 
composites known as "cermets" or "metal-matrix 
composites", have been formed as coatings and as 
freestanding, near net shape articles by techniques 
other than thermal spray processes. Materials may 
also be fabricated by forming a first particle stream 
using one spray gun and then combining the first 
stream with a particle stream from another gun to 
form a combined spray at the target surface. 

A method of forming a protective coating in 
this manner is disclosed in US-A-3 947 607. The 
use of an electric arc gun and a separate. . 
oxygen/combustion gas-metallising gun to form a 
combined spray deposit is briefly described. How- 
ever, the coatings formed using twin spray guns do. 
not have superior properties. In addition, the use of 
two separate spray guns to- form composite coat- 
ings is difficult and unwieldly. it would therefore be 
.desirable to. provide a single spray gun which could, 
be used to form composite materials such as. for 
example, metal-matrix composites and which 
achieves the benefits of supersonic flame spraying 
and electric arc spraying without their disadvan- 
tages. The present invention achieves these goals., 
by providing a supersonic flame spray system in . 
which a high-energy particle .stream of a first ma- 
terial atomises a molten second material to. form a 
composite, particle stream. 

The supersonic flame spray apparatus, sys- 
tems and methods of the present invention are 
particularly, but not exclusively, adapted to form 
the improved coatings and compositions of the 
present invention, including -metal-matrix compos- 
ites and near net shapes. The improved flame 
- spray apparatus is simple in construction, may be 
• operated at slow rate of gas consumption, and is 
relatively maintenance free. The resultant high-per- 
' formance, well-bonded coatings are substantially 
fully dense, having some characteristics of the 
wrought materials, and are substantially uniform in 
composition. Thus, the apparatus, method, and 
compositions of the present invention have sub- 
. stantial advantages over the known prior art. . 
A supersonic flame spray apparatus is pro- 



vided by the present invention which is capable of 
forming a high-energy stream of a particulate feed- 
stock for flame spray applications. The flame spray 
apparatus includes a converging throat in which an 
5 exothermic reaction is created and maintained 
comprising a flame front and a continuous high- 
velocity diffusion reaction. As fuel gas is injected 
into the flame front, a continuous high-velocity dif- 
fusion reaction is achieved. A particulate feedstock 
to is fed. into the converging throat at a low-pressure 
region and then passes through the flame front 
heating the particles. The heated particles are en- 
trained in the combustion gases and flow in an 
axial high-velocity collimated particle spray stream 
is through a tubular barrel. In one aspect the flame 
spray apparatus includes a two-wire arc assembly 
positioned aspatially along the axial centre line of 
the . particle stream exiting the barrel. The wires are 
melted by an electric arc in an arc zone and the 
20 molten metal is atomised by the collimated particle 
stream emerging from the barrel outlet to form a 
composite particle stream which contains two dis- 
similar feedstocks. Spray-formed materials are also 
provided including substantially fully dense metal- 
; 25 matrix composites which may be formed as coat- 
ings or as free-standing near-net shapes. 

According to the present invention there is 
provided a supersonic flame spray apparatus which 
comprises a body which defines a bore, the bore 
30 haying an inlet to receive a feedstock and an inert 
' carrier gas and an outlet; the body further defining 
a converging throat coaxially aligned and commu- 
nicating with the bore outlet." the converging throat 
having a converging conical wall facing and spaced 
35. .from the bore outlet and having a throat outlet at 
the apex oMhe conical wall substantially coaxially 
* aligned with the bore: the body further defining an 
annular fuel passage surrounding the bore, the 
annular fuel passage having an inlet to receive a 
40 fuel and an outlet adjacent the bore outlet and 
communicating with the throat: the body also defin- 
ing an annular oxidant gas passage surrounding 
the fuel passage and having an inlet to receive an 
oxidant gas and an outlet adjacent the bore and 
45 fuel outlets communicating with the throat: the 
throat receiving the fuel and oxidant gas from the 
annular passage outlets prior to mixing and the 
conical wall spaced sufficiently from the passage 
outlets to. permit mixing and combustion of the fuel 
50 and oxidant gas within the throat, the combustion in 
the converging' throat accelerating gaseous com- 
bustion products to a high velocity through the 
throat outlet at the apex of "the conical wall co- 
' axially aligned with the* bore; and a barrel being 
55 coaxially aligned with the bore and communicating 
with the throat -outlet, the barrel having an opening 
to receive the' gaseous combustion products and 
the feedstock and 'having an outlet discharging 
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heated feedstock. 

The present invention paticularly provides a 
supersonic flame spray apparatus which comprises 
a body portion having a feedstock bore including 
an outlet: a converging throat coaxially aligned and 
communicating with the feedstock bore having a 
converging conical wall facing and spaced from the 
feedstock bore outlet; a fuel gas passage having an 
inlet receiving a fuel gas and an annular outlet 
surrounding the feedstock bore communicating 
with the throat; an oxidant gas passage having an 
inlet receiving an oxidant gas and an annular outlet 
surrounding the fuel gas outlet and adjacent thereto 
communicating with the throat: the throat receiving 
the fuel and oxidant gases from the annular pas- 
sage outlets prior to mixing of the gas, and the 
conical wall being spaced sufficiently from the pas- 
sage outlets to permit mixing and combustion of 
the fuel and oxidant gases within the throat; means 
for igniting the fuel and oxidant gases within the 
throat so creating a continuous high-velocity diffu- 
sion reaction including a flame front within, the 
throat and accelerating gaseous combustion pro- 
ducts through an outlet at the apex of the conical 
wall coaxially aligned with the feedstock bore: and 
a barrel portion coaxially aligned with the feedstock 
bore communicating, with the throat outlet having 
an opening receiving the gaseous combustion pro- 
ducts and heated feedstock in a fine particulate 
form, and the barrel portion having an outlet dis- 
charging heated particulate feedstock. 

There is also provided a supersonic thermal 
spray apparatus which comprises a supersonic 
thermal spray gun including a body portion receiv- 
ing feedstock, means for heating the feedstock and . 
accelerating the heated feedstock in fine particulate 
form, and a tubular barrel portion having an inlet 
receiving the heated accelerated particulate feed-, 
stock and an outlet directing the heated acceler- 
ated particulate feedstock and carrier gas toward a 
target: and liquid feed means for feeding a molten 
metal feedstock into the heated accelerated pow- 
dered feedstock adjacent the barrel portion outlet, 
the accelerated particulate feedstock and carrier 
gas atomising the molten metai feedstock and pro- 
jecting the atomised moltem metal feedstock sub- 
stantially uniformly distributed in the heated par- 
ticulate feedstock at the target. 

According to the present invention there is also 
provided a method of creating a continuous high- 
velocity diffusion reaction, in a supersonic fiame 
spray apparatus, accelerating products of combus- 
tion to supersonic velocity, the flame spray appara- 
-tus including a supply nozzle discharging into -a 
combustion throat and the combustion throat dis- 
charging into an exhaust nozzle, the exhaust nozzle 
having an internal diameter which is less than the 
internal diameter of the combustion throat and the 



combustion throat communicating with the exhaust 
nozzle through a converging opening, which com- 
prises feeding hydrocarbon .fuel and oxygen 
through the supply nozzle into the combustion 

5 throat; igniting the fuel, creating a flame front within 
the combustion throat adjacent the throat dis- 
charge; and continuously feeding hydrocarbon gas- 
eous fuel through the fuel nozzle directly into the 
flame front sustaining a continuous high-velocity 

10 diffusion reaction adjacent the supply nozzle dis- 
charge in the converging throat so accelerating the 
products of combustion of the hydrocarbon fuel 
and oxidant gases through the converging opening 
and the discharge nozzle. 

/s The present invention -further provides a meth- 

od of creating a continuous high-velocity diffusion 
reaction in a supersonic, flame spray apparatus 
. accelerating feedstock in a fine particulate form to 
supersonic velocity, the flame spray apparatus in- 

20 eluding a supply nozzle discharging into a combus- 
tion throat and • the combustion throat discharging 
into an exhaust nozzle, the combustion throat com- 
municating with the exhaust nozzle through a con- 
verging opening, .which compVises feeding hydro- 

25 carbon fuel and an oxidant into the combustion 
throat; creating a flame front within the combustion 
. throat adjacent the fuel nozzle discharge by igniting 
the hydrocarbon fuel in the combustion throat: con- 
tinuously feeding hydrocarbon fuel through the 

30 supply nozzle directly into the flame front: simulta- 
neously and separately feeding an oxidant gas 
through the supply nozzle into the throat radially 
outwardly of the hydrocarbon fuel, the oxidant gas 
enveloping the flame front and sustaining a high- 

as velocity diffusion reaction: and feeding a feedstock 
into the throat and the high-velocity diffusion reac- 
tion so accelerating the feedstock in fine particulate 
form through the converging opening and the dis- 
. charge nozzle. 
. 40 There is also provided a method of heating and 
accelerating a feedstock in fine particulate form to 
supersonic velocity in a flame spray gun. the fiame 
spray gun having a feedstock bore for feeding the 
feedstock into, a convergent combustion throat 

45 through a supply nozzle and the convergent com- 
bustion throat having an axial opening communicat- 
. ing with a discharge barrel of the gun. which com- 
prises feeding a fuel through a fuel opening in the 
supply nozzle into the convergent combustion 

50 throat: feeding an oxidant through an annular ox- 
idant opening in the supply nozzle surrounding the 
fuel opening into the convergent combustion throat 
and igniting the fuel and oxidant so creating a 
reaction wtthin the throat comprising a flame front 

55 and a continuous high-velocity diffusion reaction; 
separ- =iy feeding the feedstock into the conver- 
gent combustion throat through the supply nozzle 
into said reaction: and the continuous high-velocity 
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diffusion reaction and flame front within the conver- 
gent throat heating and accelerating the feedstock 
and the products of combustion of the fuel and 
oxidant through the axial opening and the dis- 
charge barrel. 

The present invention particularly provides a 
metal-matrix composite formed by thermal spray- 
ing, which comprises a refractory material uniform- 
ly dispersed in a metal-matrix and substantially 
fully dense as thermally sprayed . 

There is particularly provided a method of for- 
ming a composite material having at least two 
components on a target, which comprises flowing a 
first component of the composite material as a fine 
particulate entrained in a gaseous carrier through a 
heated chamber and simultaneously heating and 
accelerating the first component and carrier gas to 
at least near supersonic velocity; melting a second 
component of the composite material in the path of 
the accelerated and heated particulate first compo- 
nent and carrier gas forming a liquid second com- 
ponent of the composite material, the accelerated 
and heated particulate first component and carrier 
gas atomising the liquid second component, accel- 
erating the atomised liquid second component to ■ 
near supersonic velocity and forming a stream of 
■ the first and second components and carrier gas 
substantially uniformly distributed in the stream; 
and impacting the stream of the first and second 
components against a target in the path of the 
stream, forming a substantially homogeneous com- 
posite material; and a metal-matrix composite sub- 
stantially uniformly distributed in a metal-matrix 
formed by such a method. 

There is also provided a method of forming a - 
metal-matrix composite material having at least two 
components, which comprises heating and accel- 
erating a powdered refractory material as a first 
component of the metal-matrix composite to near 
supersonic velocity in a gaseous stream directed 
toward a target: melting a metal as a second com- 
ponent of the metal-matrix composite material and 
feeding the liquid metal into the stream of heated 
and accelerated powdered refractory material, the 
accelerated heated powdered refractory material 
and gas atomising the liquid metal and accelerating 
the atomised' liquid metal -in the stream substan- 
' tially uniformly distributed in the powdered refrac- 
tory material; and collecting the stream of pow- 
dered metal-matrix material and atomised liquid 
metal forming a substantially homogeneous metal- 
matrix composite material. 

The supersonic flame spray apparatus of the 
present invention which is utilised to form compos- 
ites, including metal-matrix composites, includes a 
supersonic thermal spray gun which receives feed- 
stock, preferably powdered or fine particulate feed- 
stock, and which heats and accelerates the heated 



feedstock in fine particulate form to supersonic 
velocity. A particular embodiment of the supersonic 
thermal spray gun includes a tubular barrel portion 
having an inlet receiving the heated and acceler- 

s ated particulate feedstock and an outlet directing 
the heated accelerated feedstock toward a target at 
supersonic velocity. A particularly preferred em- 
bodiment of the thermal spray gun of the present 
invention, as described below, accelerates the gas- 

10 e'ous combustion products of the fuel and oxidant 
to several times the velocity of sound. Empirical 
measurements of exit gas velocities at various feed 
rates by counting the external "diamonds" gen- 
erated in the exit .stream indicate that extremely 

15 high velocities can be achieved with' the flame 
spray gun of the present invention. Further, com- 
parison of the supersonic flame spray apparatus of 
the present invention and other commercial 
"supersonic" flame spray guns by this method 

20 indicates that the flame spray gun of the present 
invention can achieve greater velocities than the 
prior art devices. Based upon accepted methods of 
calculation, the velocity of the exiting particulate 
materials should be supersonic. In any event, the 

25 resultant coatings using the improved supersonic 
flame spray apparatus of the present invention 
have superior qualities, as described below. 
"Supersonic", as used herein, is generic to any 
velocity generally equal to or greater than the ve- 

30 locity of sound. 

In forming composites, including metal-matrix 
composites, the 'supersonic flame spray apparatus 
• further includes in one embodiment a liquid feed 
means for feeding a feedstock, preferably a molten 

35 : metal feedstock, into the heated and accelerated 
powdered feedstock as it exits the barrel portion 
outlet. The accelerated particulate feedstock thus 
' atomises the liquid feedstock and projects the at- 
omised liquid feedstock substantially uniformly dis- 

40 tributed in the heated particulate feedstock toward 
the target; The resultant coating or composite is 
substantially fully dense as thermally sprayed and 
the composite is substantially uniform in composi- 
tion in substantially uniform in composition. In a 

45 particularly preferred embodiment, the apparatus 
includes a two-wire arc thermal spray apparatus 
including means for feeding the ends of two wires 
continuously into' the heated accelerated particulate 
feedstock adjacent the barrel portion outlet and an 

so electric power means establishing an electric arc 
across the wire ends, melting the wire ends and 
forming the liquid metal feedstock. 

Where the supersonic thermal spray apparatus 
is used to form a metal-matrix composite, the pow- 

55' dered or particulate feedstock may be a refractory 
material, including refractory oxides, refractory car- 
bides, refractory borides. refractory silicides, refrac- 
tory nitrides, and combinations thereof and carbon 
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whiskers. The liquid feedstock may be any metal 
or other material in liquid or molten form or which 
is available in wire or rod form and may be melted 
using the two-wire arc system. Thus, the super- 
sonic thermal spray apparatus and methods of the 
present invention may be utilized to form various 
fully dense and substantially uniform metal-matrix 
cotposites many of which cannot be formed by 
other known methods of thermal spraying. 

A preferred embodiment of the supersonic 
flame spray apparatus includes a body portion hav- 
ing a feedstock bore which receives the feedstock 
and having an outlet communicating with a con- 
verging throat preferably coaxially aligned with the 
feedstock bore. The body portion includes a fuel 
passage having an inlet receiving a fluid fuel and' 
an outlet, preferably an annular outlet surrounding 
the feedstock bore and communicating with the 
throat. The body portion of the gun also includes 
an oxidant passage haying an inlet receiving an 
oxidant, preferably a gas such as, for example 
oxygen, and an outlet communicating with the 
throat. In a preferred embodiment, the oxidant out- 
let is annular and surrounds the fuel outlet. The 
throat thus receives the fuel, which is preferably a 
gas such as. for example, propylene, and the ox- 
idant from the annular passage outlets prior to 
mixing of the fuel and feedstock. The throat in- 
cludes a conical wall spaced sufficiently from the 
fuel and oxidant passage outlets resulting in mixing 
and m partial combustion of the fuel and oxidant 
within the throat. As will be described more fully 
below, the fuel and oxidant may then be ignited to 
create a flame front within the throat which heats 
the incoming reactive fuel extremely rapidly, pro- 
viding the driving force for accelerating the feed- 
stock and gaseous combustion products through 
.an outlet at the apex of the conical wall. The apex 
of the conical wall is preferably coaxially aligned 
with the feedstock bore. 

As now described, a preferred embodiment of 
the flame spray apparatus and method of the 
present invention utilises an exothermic reaction 
within the converging throat which accelerates the 
gaseous products of combustion to extremely high' 
velocity. The fuel and oxidant gas is fed Into the 
converging throat, preferably through separate co- 
axially aligned annuli and ignited, creating a flame 
.front within the converging throat, heating, expand- 
ing and accelerating the gaseous products of com- 
bustion through the converging throat outlet and 
the barrel portion of the gun. 

In a preferred embodiment, fuel is fed adjacent 
the axis of the throat into the flame front which is 
combusted in the confined throat, accelerating the 
feedstock through the flame front and into the 
barrel portion of the gun. The enveloping oxygen 
reacts with the remaining fuel in the flame front. 



sustaining the -flame front. In a particularly pre- 
ferred embodiment, the fuel and oxidant ratio fed 
* into the throat through the separate passages pro- 
duces a fuel-rich condition, further increasing the 

s energy generated by the reaction described. 

- 'In a particularly preferred embodiment of the 
flame spray apparatus of the present invention, the 
annular oxidant gas passage converges relative to 
the fuel passage, toward the axis of the feedstock 

w bore, directing the oxidant gas into and enveloping 
the flame front in the throat to react with the 
remaining fuel in the flame front, as described. 
Further, the cross-sectional area of the feedstock 
bore is preferably substantially less than the cross- 
is sectional areas of the annular fuel and oxidant gas 
passage outlets, such that the particulate or pow- 
dered feedstock is fed into the convergent throat at 
a greater velocity than the fuel and oxidant gases. 
Finally, the inside diameter of the barrel is prefer- 

2d ably several times the inside diameter of the pow- 
der bore, reducing the likelihood of the particulate 
or powder contaminating the internal surface of the 
barrel as the heated feedstock particulate is eject- 
ed through the barrel portion. 

25 Thus, in accordance with a particularly pre- 
ferred embodiment of the present invention, there 
is provided a flame spray apparatus which utilises 
a continuous high-velocity diffusion reaction to sup- 
ply thermal and kinetic' energy to feedstock par- 

30 tides in a thermal spray operation. In one preferred 
embodiment, the flame spray apparatus includes a 
centrally disposed bore through which a feedstock 
' material is fed to a continuous high-velocity diffu- 
sion zone defined by a converging throat coaxially 

35 aligned and in communication with the outlet of the 
feedstock bore.* The converging throat has a con- 
verging conical wall adjacent and spaced from the 
feedstock bore outlet. The feedstock bore is de- 
fined by an axially aligned feedstock tube which is 

40 surrounded by wall elements which define two con- 
centric annuli. The inner annulus serves as a pas- 
sage for fuel gas and the outer annulus provides a 
passage for an oxidant gas. The outlets of the 
annular fuel gas passage and the annular oxidant 

45 gas passage are coaxially aligned and in commu- 
nication with the converging throat. A barrel is 
provided which is attached to and axially aligned 
with the feedstock bore. The barrel is attached to 
the convergent end of the converging throat of the 

so flame spray apparatus. In one embodiment, the 
barrel is surrounded by a heat exchange jacket. 

In operation, and as provided in the method of 
the present invention, an oxidant gas. preferably 
oxygen or oxygen-enriched air. is flowed through 

55 the annular oxygen gas passage of the body por- 
tion while a fuel gas. 'preferably a high temperature 
fuel gas such as. for example, propylene or pro- 
pane, is simultaneously flowed through the annular 
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fuel gas passage. At the outlet of the annuli a fuel 
gas cone is enveloped by the oxidant gas in the 
converging throat. A portion of the fuel gas mixes 
at the interface of the fuel gas cone and the oxidant 
gas envelope to form a combustion mixture. This 5 
mixture is ignited by conventional ignition means 
such as, for example a spark igniter at the end of 
the barrel. As the fuel gas and oxidant gas continue 
to flow, a flame front is established at the interface 
of the fuel gas and oxidant gas envelope. A tern- w 
perature gradient is established in the converging 
throat with the region of the flame front being at a 
temperature substantially higher than the. ignition 
-temperature of the fuel gas. As fuel gas enters this 
high-temperature, fuel-enriched region, a.continu- is 
ous high-velocity diffusion reaction occurs in the. 
converging throat which accelerates the feedstock. 
During this continuous high-velocity diffusion reac- 
tion, a feedstock material is fed axial ly into the low- 
pressure zone in the converging throat and then 20 
through the flame front, which in combination ac- 
celerates the gases to supersonic velocity through 
the converging throat. The feedstock particles are 
entrained by the hot, high-pressure combustion 
gases and are accelerated by the heat and mo- '.25' 
mentum transfer of the continuous high-velocity 
diffusion reaction through the converging throat and 
through the barrel. As the particles move through . . 
the converging throat, the particle trajectories and 
gas flow are axially aligned as the spray, stream 30 
enters the barrel. The extremely high-velocity feed- 
stock particles then pass through the throat and 
exit the throat outlet as a highly collimated particle . 
stream. . . 

In another aspect, the thermal spray apparatus as 
of the present invention includes means for sup- 
plying a .molten metal to. the collimated particle^ 
stream to form a composite particle stream. In one 
embodiment, the collimated particle stream .at- 
omises molten metal of a two-wire electric arc 40 
.system spatially positioned on the axial centreline 
of the gas exiting the spray gun barrel outlet 

The present invention further includes high- 
density composite coatings and freestanding bulk 
or near net shape articles made with the apparatus 45 
and by the method of the present invention. In one 
embodiment, a powdered feedstock is passed 
through the feedstock bore using an inert carrier 
gas. The -high-velocity collimated particle stream 
issuing from the barrel atomises molten metal in 50 
the two-wire electric arc to form high-density metal- 
matrix composite compositions as coatings and as 
freestanding near-net shape articles having supe- 
rior metallurgical and physical characteristics, sev- 
eral of which cannot be formed by any other known 55 
thermal spray method. 

The present invention will now be described 
with reference to the accompanying drawings, but 



in no manner limited thereto. 
In the drawings:- 
Figure 1 is a longitudinal cross-section of the 
flame spray gun in one embodiment of the present 
invention; 

Figure 2 is a side eievational view of the fuel 
nozzle of the present invention: 

Figure 3 is a cross-section along lines 3-3 of 
Figure 1 ; 

Figure 4 is a plan view of the supersonic 
thermal spray gun with electric arc assembly of the 
present invention; 

Figure 5 is a diagrammatic representation of 
the method and apparatus of the present invention 
in the embodiment which includes a two-wire elec- 
tric arc; " 

Figure 6 is a diagrammatic representation 
which demonstrates the formation of a flame front 
in 'the converging throat of the "spray gun and the 
creation of a collimated particle stream which exits 
the barrel outlet and* atomises molten metal from a 
two-wire arc; and * 

Figure 7 is a diagrammatic illustration of the 
How regime' of fuel gas, oxfdant gas and feedstock 
into the converging throat portion of the supersonic 
thermal spray apparatus. 

Referring now to the drawings (and particularly 
Figure 1), flame spray apparatus 10 is shown gen- 
erally having burner housing 12 and barrel 14 
which is shown in this embodiment as integral with 
burner housing 12. Conical wall 16 of burner hous- 
ing 12 defines converging throat 18 in which a 
continuous high-velocity diffusion reaction is car- 
ried out during operation of flame spray apparatus 
10. Feedstock supply bore 20 is defined by feed- 
stock supply tube 22, which is closely received 
within feedstock housing 24. As will be explained 
more fully, feedstock supply tube 22 may become 
worn after continued use. particularly where the 
feedstock comprises a metal or ceramic powder 
entrained in a carrier gas. It is therefore preferred 
that feedstock supply tube 22 be releasably en- 
gaged in housing 24 so that it can be easily re- 
placed. Although many materials are suitable for 
forming the various parts of the invention, it is 
preferred that feedstock supply tube 22 be formed 
of a hard, wear-resistant material such as. for ex- 
ample steel. 

Feedstock housing 24 is provided with a 
threaded end 26 which is received in a tapped 
portion of burner housing 12. Collar 28 may be 
provided to aid in seating feedstock housing 24 in 
position. Feedstock housing 24 and feedstock sup- 
ply tube 22 are disposed within fuel supply nozzle 
30 such that an annular fuel passage 32 is defined. 
End 34 of fuel nozzle 30 is tapered and press fitted 
into burner housing 12. 

Feedstock housing 24 includes a second collar 
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or flanged portion 36 which, engages fuel nozzle 
30. Collar 36 is provided with longitudinal channels 
axially aligned with feedstock bore 20. Fuel flowing 
through annular fuel passage 32 in the direction 
shown by the arrows is thus not signficantly ob- 
structed by collar 36 during operation. That is, 
collar 36 has a channelled outer surface such that, 
it can function as a spacer with respect to fuel 
nozzle 30 and yet still allow substantially uncon- 
stricted flow of fuel through annular fuel passage 
32. In a similar manner, end portion 38 of fuel 
nozzle 30 is provided with a senes of substantially 
parallel longitudinal channels 39 (as shown in Fig- 
ures 2 and 3 of the accompanying drawings). 
Again, this channelled constructions allows end 
portion 38 of fuel nozzle 30 to engage conical wall 
16 while permitting an oxidant to flow through an- 
nular oxidant passage 40 into converging throat 18. 

While numerous configurations of flame spray 
apparatus 10 are possible if the principles of the 
present invention are faithfully observed, in this 
embodiment annular oxidant passage 40 is an an- 
nulus defined by sections 42 and 44 of burner 
housing 12. It will be noted that section 44 also 
provides conical wall 16. As stated, body section 
44 is shown integral with barrel 14 although burner 
housing 12 and barrel 14 may be formed sepa- 
rately is desired. In order to rigidly attach section 
44 to section 42. section 42 is tapped to receive a 
threaded portion of section 44. It may also be 
desirable to form . burner housing 12 as a single 
unitary structure in some applications. 

Leading into annular fuel passage 32, fuel sup- 
ply passage 48 is provided which extends through 
end portion 50 of burner housing 12 and is in flow 
communication with annular fuel passage 32. This 
continuous passage serves as a channel . through 
which a fuel is conveyed to a flame front in con- 
verging throat 18. Similarly, annular oxidant pas- 
sage 40 is in flow communication with oxidant inlet 
passage 52. End portion 50 includes connector 54 
which may be threaded for the connection of a 
feedstock supply hose.. During operation of flame 
spray apparatus 10, a powdered feedstock is intro- 
duced into feedstock bore 20 via connector 54. 
Although feedstock supply tube 22 is shown in the 
drawings as comprising a continuous structure 
through burner housing 12. including through end 
portion 50. it may be desirable to simply omit that 
portion of feedstock supply tube 22 which spans 
end portion 50. In this alternative construction, the 
diameter of the- bore of feedstock housing 24 which 
closely receives feedstock supply tube 22 may be 
reduced at end portion 50 to match the diameter of 
feedstock bore 20. 

The cross-sectionaJ area of feedstock bore 20 
is preferably substantially less than the cross-sec- 
tional area of annular fuel passage 32 and annular 



oxidant passage 40 such that powdered feedstock 
can be fed into converging throat 18 at a sufficient 
velocity to penetrate the flame front. It is preferred 
. that the area of feedstock supply bore 20 be less 

5 than about 15 percent and _more preferably less 
than about 10 percent of the cross-sectional areas 
of either annular fuel passage 32 or annular oxidant 
passage 40. Also, the ratio of the diameter of 
powder supply bore 20 to the internal diameter of 

10 spray passage 56 is preferably about 1 :5. The ratio 
of cross-sectional areas is thus preferably about 
1:25. 

Barrel 14 which is a tubular straight bore noz- 
zle includes hollow cylindrical section 46 which 

75 defines spray passage 56. As will be described 
more fully, high-velocity particles are propelled 
through passage 56 as a coilimated stream. In 
order to prevent excessive, heating of barrel wall 
46, and to provide an effect referred to herein as 

20 "thermal pinch", a phenomenon which maintains 
and enhances colhmation of the particle stream, 
heat exchange jacket 58 is provided which defines 
an annular heat exchange chamber 60. Heat ex- 
change chamber 60 is limited to barrel 14 so that 

25 heat is not removed from converging throat 18. 
Ouring operation of flame spray apparatus 10. a 
heat exchange medium such as. for example, water 
is flowed through heat exchange chamber 60 via 
channels 62 and 64. Hoses (not shown) are each 

30 attached at one end to connectors 66 and 68 to 
circulate heat exchange medium through heat ex- 
change chamber 60. 

This completes the structural description of 
flame spray apparatus 10 in one preferred embodi- 

35 ment % Many variations are possible. The operation 
of flame spray apparatus -10 will be set forth below 
in connection with an explanation of the spraying 
-methods of the present; invention. It is also to be 
understood that it may . be suitable to use flame 

40 spray apparatus 10 in applications other than , for- 
ming coatings and near-net shapes. For example, 
due to the extremely high velocities achieved by 
the present invention it may be desirable to use 
flame spray apparatus .10 in sandblasting oper- 

45 ations or the like and any such use is intended as 
falling within scope of the present invention. 

In another embodiment of the present inven- 
•. tion. a flame spray system 10 which embodies the 
features of flame spray apparatus 10. with like 

so reference numerals depicting like parts, further in- 
cludes a molten metal supply means for introduc- 
ing a second material into the coilimated particle 
stream which emerges from the barrel outlet. 

Referring now to Fig: 4 of the drawings, flame 

55 spray system 10 is shown in which means for 
supplying a molten metal to a coilimated particle 
stream adjacent the outlet of barrel 14 is provided. 
By providing a flame spray apparatus having a 
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molten metal supply means in this manner, high- 
density, metal-matrix composites can be spray 
formed. As shown in Rg. 4. in one embodiment of 
the present invention, the molten metal supply 
means comprises a two-wire electric arc assembly 
70. Arc assembly 70 includes carriage 72 which 
houses wire guides 74 and 76. Wire guides 74 and 
76 are provided to guide wires 78 and 80 at a 
predetermined rate toward arc zone 82. The in- 
cluded angle of wires 78 and 80 is preferably less 
than about 30 degrees in most applications. An 
electric arc of predetermined intensity is struck and 
continuously - sustained between the ends of the 
wire electrodes. As will be appreciated by those 
skilled in the art. wires 76 and 78 are formed of a 
consumable metal which melts in arc zone 82. 

The basis structure of gun 11 is identical to 
that fully described in connection with flame spray 
apparatus 10. Carriage 72 may be attached to gun 
11 at any convenient location and may be. de- 
tachable. In Figure 4, carriage 72 is shown at- 
tached to barrel 14. Suitable clamps or brackets 
(not shown) may be used for this purpose. Wires 
78 and 80 are continuously fed toward an intersect- 
ing point in arc zone 82 as they are melted and 
consumed as atomised molten metal. While the 
distance of arc' zone 82 from the end of barrel 14 is 
not critical and can be adjusted to regulate various 
characteristics of the coating or' article formed dur- 
ing the spraying operation, the ends of wires 78 
and 80 are preferably located from about 4 to 
about 10 centimetres from the end of barrel 14. 
The arc and molten metal wire ends should be 
directly within the collimated particle stream is- 
suing from barrel 14, in other words, along the 
longitudinal axis of barrel 1 4. 

Referring now to Figure 5 of the accompanying 
drawings, flame spray system 10' is illustrated hav-. 
ing two-wire electric arc assembly 70 from which- 
wires 78 and 80 are fed from wire spools 84 and 
84' in wire feed system 86. Wire feed control unit 
88 controls wire feed assembly 86. In the manner 
of conventional two-wire electric arc spraying, pow- 
er supply 90 is provided by which wires 78 and 80 
are enerigised to form an electric arc in arc zone 
82. Master controller 92 is shown by which the 
various gas flow rates are regulated. Master con- 
troller 92 may also provide means for controlling 
the flow Vate of heat exchange medium which cools 
barrel 14. A bank of gas cylinders is .provided 
which includes an inert carrier gas source 93 such* 
as, for example, nitrogen which it utilised in those 
applications in which the feedstock is injected as a 
powder.' Alternatively, it may be desirable to use an 
oxidant gas as carrier, such as when spraying high- 
temperature refractory oxides to provide better 
melting. Accordingly, feedstock powder is metered 
into line 94 from powder feeder 96 which may be 



of conventional design. A fuel source 98 such as a 
fuel gas provides fuel to gun 11 through conduit 
100 which is in flow communication with fuel pas- 
sage 32. Similarly, an oxidant source 102 such as 
s an oxygen-rich gas is flowed through gas supply 
line 104 to oxidant passage 40. Heat exchange 
medium is flowed through heat exchange chamber 
60 via pipes 106 and 108 which are attached to 
adapters 66 and 68 of gun 1 1 . 
■ A number of fuel and oxidant sources may be 
used in the present invention. Liquid or particulate 
fuels or oxidants may. be suitable. For example, it 
is anticipated that liquid diesel fuel may be used as 
the fuel. The preferred fuels and oxidants for use in 
the present invention are gases. The choice of fuel 
is dictated by a number of factors, including avail- 
ability, economy, and. most importantly, by the 
effect which a particular fuel has on the spraying 
operation in terms- of rate of deposit and on the 
metallurgical- and physical characteristics of the 
spray deposit. For the oxidant, most oxygen-con- 
taining gases are suitable. Substantially, pure'oxy- 
gen is particularly preferred for use herein. Suitable 
fuel gases for achieving high-velocity thrust" of 
spray materials in the present invention are^ hy- 
drocarbon gases, preferably high-purity propane or 
propylene, which produce high-energy oxidation re- 
actions. Hydrogen may also be suitable in some 
applications. Mixtures of the preferred fuel gases 
may also be desirable. It should be noted that the 
present invention is particularly adapted to permit 
control of the flame temperature and the particle 
temperature .of sprayed materials by proper fuel 
selection as well as by controlling gas pressures 
and the dwell or residence time of the particles in 
converging throat 1 8. 

By controlling the composition of the fuel and 
the gas pressure a wide range of particle velocities 
can be attained. The preferred fuel gas pressure 
40 ranges from about 137.9 to about 689.5 kPa (about 
20 to about 100 psig) and more preferably from 
about 275.8 to about 482.7 kPa (about 40 to about 
70 psig). The oxidant gas pressure will typically 
range from about 137.9 to about 689.5 kPa (about 
as 20 to about 100 psig) and preferably from about 
275.8 to about 551.6 kPa (about 40 to about 80 
psig) for most applications. When operated within 
these ranges, velocities of the emerging combus- 
tion .products from barrel 14 will be supersonic as 
50 evident by "diamonds" in excess of twelve in the 
exit stream and significantly -greater than velocities 
of conventional flame spray guns under similar 
operating conditions. It will be appreciated that the 
nature of the fuel gas and its mass flow closely 
55 dictate velocity. - 

The operation of flame spray apparatus 10 and 
flame spray system 10' and the methods provided 
by the present invention will now be explained. 
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Referring to Figure 6 of the drawings, flame spray 
system 10 is shown diagrammatically in which a 
powdered feedstock 110 is injected through feed- 
stock bore 20. In this embodiment, the powdered 
feedstock 110 is entrained in an inert earner gas. 
Concurrently therewith, a fuel, such as. for exam- 
ple, propylene is flowed through annular fuel pas- 
sage 32 at a suitable pressure. The fuel gas enters 
converging throat 18 at fuel outlet 33. An oxidant, 
for example oxygen, is simultaneously flowed 
through annular oxidant passage 40. Again, the 
preferred fuels and oxidants are gases, although 
other fuels and oxidants, such as liquids or the like., 
may be acceptable. As the oxidant gas exits outlet 
41 it forms an envelope of oxidant gas surrounding 
a cone of fuel gas. It will be noted in Figure 6 that 
the geometry of annular oxidant passage 40 is 
somewhat convergent with respect to annular fuel 
passage 32. In other words, the end of fuel nozzle 
38 is preferably frusto-conical in shape. This con- 
figuration permits the oxidant gas to converge into 
the fuel gas stream. The angle of convergence is 
preferably from about 20 to 40 degrees and most 
preferably about 30 degrees, which has been found 
to provide very stable gas flow through converging 
throat 18. As the fuel gas-oxidant gas mixture ini- 
tially flows from the end of barrel 14. the mixture is 
ignited at the barrel end by any convenient means 
such as a spark ignitor. An igniter within barrel 14 
or converging throat 18 may be suitable in some 
applications. 

As shown in Figures 6 and 7 of the drawings, a 
continuous high-velocity diffusion reaction is- ear- 
ned out in the present invention. A flame front 112 
is established at the interface of the oxygen en- 
velope and the fuel gas cone. Importantly, flame, 
front 112 is confined to converging throat 18. 
Flame front 112 establishes a high-temperature 
zone or region in converging throat 18. As fuel gas 
continues to emerge from outlet 33 into converging 
throat 18. it creates a flame front 112 and produces 
a continuous high-velocity diffusion reaction of the 
fuel gas. The high-temperature region produced by 
flame front 112 is at a temperature substantially- in 
excess of the ignition temperature of the fuel gas 
and produces a high-temperature region. As the 
fuel gas enters this high-temperature region, the 
fuel gas rapidly ignites, reacting with the oxidant 
gas and producing rapidly expanding combustion 
gases. The enveloping oxygen then reacts with the 
remaining fuel in the flame front, sustaining, the 
flame front and the continuous high-velocity diffu- 
sion reaction. This phenomenon of continuous 
high-velocity diffusion reaction continues so long as 
the flow of fuel gas and oxidant gas are uninter- 
rupted. 

Continuous high-velocity diffusion reaction in 
converging throat 18 creates a low-pressure region 



shown generally by 114. During the continuous 
high-velocity diffusion reaction, a feedstock, such 
as for example, powdered metal, ceramic material 
or rod. is injected through feedstock supply bore 

5 20 into the ongoing continuous high-velocity diffu- 
sion reaction in converging throat 18. The low- 
pressure region at the outlet of feedstock supply 
bore 20 in the converging throat which allows the 
powdered feedstock to be injected into converging 

w throat 18 at extremely high velocities. 

One of the many advantages provided by the 
present invention is the ability to regulate the ve- 
locity at which particles of feedstock are injected 
into the flame front. Unlike many prior art devices. 

15 the present invention permits independent regula- 
tion of particle injection rate, fuel gas flow rate, and 
oxidant gas flow rate. This is possible in the em- 
bodiment of the present invention as described in 
detail herein because neither the fuel gas nor the 

20 oxidant gas are used to carry the feedstock at any 
point in the system. The feedstock particles are 
injected into the flame front by an independent 
stream of an inert carrier gas. By allowing indepen- 
dent regulation of flow rates, turbulence in converg- 

25 ing throat 18 can be substantially reduced by main- 
taining the pressure of the carrier gas at a higher 
value than the fuel gas pressure, which increases 
particle velocities. The range of earner gas pres- 
sure is from preferably about 275.8 to about 482.7 

30 kPa (about 40 to about 70 psig). more preferably 
from about 344.7 to 413.7 kPa (about 50 to about 
60 psig). and more preferably always greater than 
the pressure of fuel gas. Also, although the relative 
dimensions of outlets 33 and 41 can vary widely, 

35 as stated, the inner diameter of feedstock supply 
tube 22 is preferably considerably smaller than the 
cross-section of annular fuel passage 32 or annular 
oxidant passage 40. Hence, it will be appreciated 
that the diameter of feedstock supply bore 20 is 

40 shown somewhat exaggerated in the drawings. It is 
also preferred that the ration of the cross-sectional 
areas of feedstock supply bore 20 to spray pas- 
sage 56 of barrel 14 be about 1 to 25 to reduce the 
likelihood of the particles contacting and adhering 

45 to the internal surface, of barrel 14 during spraying. 
By maintaining the carrier gas pressure above 
about 344.7 kPa (about 50 psig) where the fuel gas 
pressure is from about 310.2 to 448.2 kPa (about 
45 to 65 psig) and the oxidant gas pressure is from 

so about 482.6 to 620.6 kPa (about 70 to 90 psig). a 
phenomenon referred to as "spitting" is prevented 
which occurs at lower earner gas pressures. Spit- 
ting results from radial movement of particles 
which may adhere to conical wall 16 and is be- 

55 lieved to occur at lower carrier gas pressures due 
to increased turbulence. Thus, maintaining the car- 
rier gas pressure at high values reduces turbu- 
lence. 
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As the feedstock particles move into converg- 
ing throat 18, the thermal and kinetic energy of the 
particles -is substantially increased by the exother- 
mic continuous high-velocity diffusion reaction. The 
energetic feedstock particles pass through con- 
verging throat 18 to form a collimated stream of 
high-energy particles which are propelled in a sub- 
stantia^ straight line through passage 56 of barrel 
14. Another significant advantage of the present' 
invention over prior art spray guns is the reduction 
m turbulent radial movement of the spray particles. 
By providing a non-turbulent "flow of gas into con- 
verging throat 18, and sustaining a continuous 
high-velocity diffusion reaction confined to converg- 
ing throat 18, axial, substantially non-turbulent flow 
of the .combustion gases and the feedstock par- 
ticles is achieved which results in a high-velocity 
collimated particle stream. Also, as the particle 
stream passes through barrel 1 4, spreading of the 
stream is reduced by removing heat from barrel 
wall 46 with heat exchange jacket 58. By cooling 
barrel 14 in this manner, a thermal pinch, is created 
which further reduces any radial movement of the 
energised particles towards, the side walls of barrel 
14. 

Numerous powdered materials which may be 
sprayed by the present invention include metals, 
metal alloys, metal oxides such as, for example, 
alumina, titania, zirconia, chromia. and the like and 
combinations thereof; refractory compounds such 
as. for example, carbides of tungsten, chronium. 
titanium, -tantalum, silicon, molybdenum, and com- 
binations thereof: refractory borides such as. for 
example, chronium boride, zirconium boride and 
the like and combinations thereof; siiicides and 
nitrides may also be used in some applications". ' 
Various combinations of these materials may also 
be suitable. These combinations may take the form 
of powdered blends, sintered compounds or fused 
^materials. While a powdered feedstock is preferred, 
a feedstock in the form of a rod or the like may be 
fed through feedstock supply bore 20 if desired. 
Where the feedstock comprises a powder, the par- 
ticle size preferably ranges from about 5 microns 
to about 100 microns, although diameters outside 
this range may be suitable in some applications. 
The' preferred average particle size is from about 
1 5 to about 70 microns. ■ 

The present invention further comprises coat- 
ings and near-net shapes formed in accordance 
with the method of the present invention. Where 
these materials are high-density metal-matrix ma- 
terials, they have not been formed by any other 
known thermal spray operation. As will be known to 
those skilled in the art. free-standing, near-net 
shapes may be formed applying a spray deposit to 
a mandrel or the like or by spray-filling a mould 
cavity. Suitable release agents will also be known. 



Referring again to Figure 6 of the drawings, in 
another embodiment, flame spray system 10 is 
used in a method of forming composites in' which a 
first feedstock is provided through feedstock sup- 
' 5 ply bore 20 and a second feedstock material is 
added downstream of converging throat 18. Most 
preferably, this is achieved by adding a second 
feedstock material to the collimated particle stream 
which emerges from barrel 14. More specifically, a 

w powdered feedstock material or the like is injected 
into flame front 112 in the manner previously de- 
scribed. As the collimated particle stream exits 
barrel 14, it is passed through arc zone 82. During 
this passage, wires 78 and 80 are electrically en- 

15 ergized to create a sustained electric arc between 
the ends of the wires. A voltage sufficient to melt 
the ends of wires 78 and 80 is maintained by 
power supply 90. A voltage between about 15 to 
about 30 volts is preferred. As molten metal forms 

20 at the wire ends, the particle stream from gun 1 1 ' 
atomises the molten metal. To maintain the electric 
arc and to provide a continuous supply of molten 
metal to the spray stream, wires 78 and 80 are 
advanced at a predetermined rate using wire feed 

25 control 88. As the molten metal is atomised, a 
combined or composite particle stream 115 is 
formed which contains both feedstock materials in 
particulate form. Although some turbulence is cre- 
' ated by the presence of wires 78 and 80, compos- 

30 ite particle stream 115 maintains good collimation. 
Composite stream 115 is then directed to target 
116 where it forms deposit 118. 

"In still another embodiment, the present inven- 
tion provides high-density composite material such 

-35 as, for example, metal-matrix composites or cer- 
mets in the form of sprayed coatings or near-net 
shapes. More specifically, by utilising the capability 
of flame spray system 10' .to form a composite 
spray stream which includes two dissimilar materi- 

40 als such as, for example, a refractory oxide and a 
metal, novel high-density structures can be fab- 
ricated. As shown in Figure 6 of the drawings, a 
refractory oxide, for. example aluminium oxide, is 
provided in powdered form, with the particles rang- 

45 ing from aobut.5 to about 20 microns in diameter. 
. The powder is injected into feedstock supply bore 
20 using an inert carrier "gas as previously de- 
scribed. It is to be understood that the powdered 
oxide in this embodiment is not melted during its 

so passage through gun 1 1 in the production of metal- 
matrix composites. This can be achieved by con- 
trolling the heat of the flame front, by increasing 
the particle size of the oxide, by controlling particle 
dwell time, and by adjusting other spray param- 

55 eters. Where flame spray apparatus 10 is used, 
that is, without the electric arc assembly, the par- 
ticle temperature will generally be maintained 
above the particle softening point. The refractory 
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oxide particle stream emerges from the end of 
barrel 14 and moves toward arc zone 82. The 
distance from the end of barrel 14 to arc zone 82 is 
"preferably from about 4 to 10 cm. Wires 78 and 80 
are formed of a metal which may be an alloy. 5 
Suitable metals for usein fabricating metal-matrix 
composites include titanium, aluminium, steel, and 
nickel and copper-base alloys. Any metal can be 
used it if can be drawn into wire form. Other means 
of supplying molten metals such as through" pipes w 
or the like may be feasible. Powder cored wired 
may also be suitable. The flow rates of the materi- 
als are controlled by regulating the injection rate of 
the powdered feedstock or the rate at which the 
powdered feedstock is metered into the carrier gas. 75 
. This produced a final "metal-matrix composite hav- 
ing a refractory oxide content of from about 15 to 
about 50 percent by volume and a metal content of 
from about 85 to about 50 percent by volume. As 
the molten metal is atomised, a composite particle 20 
stream 115 is formed. Particle stream 115 includes 
high-velocity heated particles of refractory oxide, 
molten metal and agglomerates of molten metal, 
and refractory oxide. Target 116 may comprise a 
metal substrate to be coated with a layer of metal- 25 
matrix composite or it may comprise a mandrel or 
mould cavity as in the fabrication or near-net 
shapes. As will be understood, the methods of the 
present invention are not limited to forming near- 
net shapes, but may be used to form bulk forms. 30 
composite powders and various free-standing 
shapes. 

Deposit 1 1 8 formed in accordance with the 
present invention is substantially fully dense. As 
used herein, the term "substantially fully dense'*- ss 
shall be defined as that state of a material in which 
the material contains less than about one percent 
by volume voids. In other words, the fully dense 
flame spray deposits of the present invention are 
preferably substantially fully dense such that the 40 
total volume of voids in the deposit is less than 
about one percent by volume of the deposit. The 
present invention provides a number of substan- 
tially fully dense metal-matrix composites which 
are highly homogeneous. These metal-matrix com- 45 
posites have exceptional metallurgical and physical 
properties and have not been commercially fab- 
ricated by any other known thermal spray process. . 
Many of these compositions have improved char- 
acteristics over the wrought materials. They are 50 
extremely hard and wear-resistant and have low 
surface roughness. In the most preferred embodi- 
ment, the metal-matrix composites of the present 
invention have a refractory content of from about 5 
to about 60 percent by volume of the composite' 55 
material. Preferred refractory materials include re- 
fractory oxides, refractory carbides, refractory 
borides, refractory nitrides and refractory silicides. 



Particularly preferred are aluminium oxide, titanium 
diboride and silicon carbide. The refractory con- 
stituent is uniformly dispersed in a metal-matrix. 
Any metal can be used. Where the molten metal is 
introduced in the above-described two-wire arc 
method, the metal must be capable of being drawn 
into wire form. A metal comprises from about 40% 
to about 95%, and preferably from about 50% to 
about 65% by volume of the metal-matrix compos- 
ite. Preferred metals include aluminium, titanium, 
and low-carbon steel. Particularly preferred metal- 
matrix composites formed in accordance with the 
present invention include substantially fully dense 
composites of 25% by volume aluminium oxide 
with 75% by volume aluminium or aluminium alloy. 
Also preferred herein are composites containing 
25% by volume silicon carbide with 75% by weight 
aluminium or aluminium alloy. The refractory ma- 
terial is provided as a powder in the flame spray 
operation. The metal-matnx composites of the 
present invention can be formed as coatings or as 
near-net shapes which can be subjected to thermal 
treatment and can be shaped by conventional met- 
al working techniques such as warm rolling or the 
like, these high-tech matenals can be used to fab- 
ricate numerous devices such as aerospace com- 
ponents. 

While a particular embodiment of this invention 
is shown and described herein, it will be under- 
stood of course, that the invention is not to be 
limited thereto since many modifications may be 
made. For example, it may be suitable to operate 
flame spray system 10 with a powder, without 
utilising the electric arc capacity. It will also be 
understood that various techniques for accelerating 
the refractory component in forming metal-matrix 
composites may be used other than those set forth 
in any preferred embodiment, such as: for exam- 
ple, by using a plasma spray gun. 

Claims 

1. A supersonic flame spray apparatus which 
comprises a body which defines a bore, the bore 
having an inlet to receive a feedstock and an inert 
carrier gas and an outlet; the body further defining 
a converging throat coaxially aligned and commu- 
nicating with the bore outlet, the converging throat 
having a converging conical wall facing and spaced 
from the bore outlet and having a throat outlet at 
the apex of the conical wall substantially coaxially 
aligned with the bore; the body further defining an 
annular fuel passage surrounding the bore, the 
annular fuel passage having an inlet to receive a 
fuel and an outlet adjacent the bore outlet and 
communicating with the throat; the body also defin- 
ing an annular oxidant gas passage surrounding 
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the fuel passage and having an inlet to receive an 
oxidant gas and an outlet adjacent the bore and 
fuel outlets communicating .with the throat; the 
throat receiving the fuel and oxidant gas from the 
annular passage outlets prior to mixing and the 
conical wall spaced sufficiently from the passage . 
outlets to permit mixing and combustion of the fuel 
and oxidant gas within the throat the combustion in 
the converging throat accelerating gaseous com- 
■ bustion products to a high velocity through the 
throat outlet at the apex of the conical wall co- 
axially aligned with the bore; and a barrel being 
coaxially aligned with the bore and communicating 
with the throat outlet, the barrel having an opening 
to receive the gaseous combustion products and 
the feedstock and having an outlet discharging 
heated feedstock. 

2. A flame spray apparatus according to; claim 
1 . wherein the annular, oxidant gas passage con- 
verges relative to the annular fuel passage toward 
the axis of the bore, directing the oxidant gas into 
and enveloping a flame .front in the throat and 
injecting fuel into the flame, front, creating a con- 
tinuous high-velocity diffusion reaction in the throat 
and accelerating the gaseous combustion products 
to supersonic velocity. 

3. A flame spray apparatus according to claim 
1 or 2. wherein the bore outlet has a cross-sec- 
tional area which is substantially less than the 
cross-sectional areas of the annular fuel and ox- 
idant gas passage outlets, such that the feedstock 
and inert carrier gas are fed into the throat at a 
greater velocity than the fuel and oxidant gases. 

4. A flame spray apparatus according to any of 
claims 1 to 3, wherein there are means for feeding 
a liquid feedstock into, the heated powdered feed- 
stock adjacent the barrel outlet, the powdered feed- 
stock atomising and projecting .the liquid feedstock 
substantially uniformly distributed in the powdered 
feedstock. 

5. A flame spray, apparatus according to claim 
4, wherein the feeding means includes wire feed 
means feeding the ends of at least two wires of 
metal feedstock into the powdered feedstock adja- 
cent the barrel outlet and electric power means 
establishing an electric arc across the wire ends, 
the electric arc melting the wire ends and forming 
the liquid .feedstock. 

6. A supersonic flame spray apparatus which 
comprises a body portion having a feedstock bore 
including an outlet; a converging throat coaxially 
aligned and communicating with the feedstock bore 
having a converging conical wall facing and spaced 
from the feedstock bore outlet: a fuel gas passage 
having an inlet receiving a fuel gas and an annular 
outlet surrounding the feedstock bore communicat- 
ing with the throat; an oxidant gas passage having 
an inlet receiving an oxidant gas and an annular 



outlet surrounding the fuel gas outlet and adjacent 
thereto communicating with the throat; the throat 
receiving the fuel and oxidant gases from the an- 
nular passage outlets prior to mixing of the gas. 

s and the conical wall being spaced "sufficiently from 
the passage outlets to permit mixing and combus- 
tion of the fuel and oxidant gases within the throat; 
means for igniting the fuel and oxidant gases within 
the throat so creating a continuous high-velocity 

w "diffusion reaction including a flame front within the 
throat and accelerating gaseous combustion pro- 
ducts through an outlet at the apex of the conical 
wall coaxially aligned with the feedstock bore: and 
a barrel portion coaxially aligned with the feedstock 

75 ' bore communicating, with the throat outlet having 
an opening receiving the gaseous combustion pro- 
ducts and the heated feedstock in a fine particulate 
form, and the barrel portion having an outlet dis- 
charging heated particulate feedstock. 

20 . 7. A supersonic thermal spray apparatus which 
comprises a supersonic thermal spray gun includ- 
ing a body portion receiving feedstock, means for 
heating trie feedstock and accelerating the heated 
feedstock in fine particular form, and a tubular 

25 barrel portion having an inlet receiving the heated 
accelerated particulate feedstock and an outlet di- 
recting the heated accelerated particulate feedstock 
and carrier gas toward a target; and liquid feed 
means for feeding a molten metal feedstock into 

30 the ' heated accelerated powdered feedstock adja- 
cent the barrel portion outlet, the accelerated par- 
ticulate feedstock and carrier gas atomising the 
molten' metal feedstock and projecting the atomis- 
ed molten metal feedstock substantially uniformly 

35 distributed in the heated particulate feedstock at 
' the target 

' 8. A thermal spray apparatus according to 
claim 7, wherein the liquid feed means includes 
wire feed means continuously feeding the .ends of 

40 at least two wires of metal feedstock into the heat- 
ed accelerated particulate feedstock adjacent the 
barrel portion outlet and electric power means es- 
tablishing an electric arc across the wire ends 
melting said wire ends and forming the molten 

45 metal feedstock. 

' 9. A thermal spray apparatus according to 
claim 7 or 8. wherein thermal spray gun includes a 
powder' bore having an inlet receiving a powdered 
feedstock and an inert carrier gas and an outlet. 

50 annular fuel and oxidant passages surrounding the 
powder bore having inlets respectively receiving 
fuel and oxidant and separate outlets adjacent the 
powder bore outlet communicating with the throat 
and ignition means igniting the fuel and oxidant 

55 gases within the throat, the throat receiving the fuel 
and oxidant from the annular passage outlets prior 
to mixing and the conical wall spaced sufficiently 
from the passage outlets to permit combustion of 
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the fuel and oxidant within the throat. 

10. A method of creating a continuous high- 
velocity diffusion reaction, in a supersonic flame 
spray apparatus accelerating products of combus- 
tion to supersonic velocity, the flame spray appara- " 5 
tus including a supply nozzle discharging into a ' 
combustion throat and the combustion throat dis- 
charging into an exhaust nozzle, the exhaust nozzle 
having an internal diameter which is less than the 
internal diameter of the combustion throat and the w 
combustion throat communicating with the exhaust 
nozzle through a converging opening, which com- 
prises feeding hydrocarbon fuel and oxygen 
through the supply nozzle into the combustion 
throat: igniting the fuel, creating a flame front within /5 
the combustion throat adjacent the throat dis- 
charge: and continuously feeding hydrocarbon gas- 
eous fuel through the fuel nozzle directly into the 
flame front sustaining a continuous high-velocity 
diffusion reaction adjacent the supply nozzle dis- 20 
charge in the converging throat so accelerating the 
products of combustion of the hydrocarbon fuel 

and oxidant gases through the converging opening 
and the discharge nozzle. 

1 1 . A method of creating a continuous .high- 25 
velocity diffusion reaction in a supersonic flame, 
spray apparatus accelerating feedstock in a fine 
particulate form to supersonic velocity, the flame 
spray apparatus including a supply nozzle dis- 
charging into a combustion throat and the combus- 36 
tion throat discharging into an exhaust nozzle, the 
combustion throat communicating with the exhaust 
nozzle through a converging opening, which com- . 
prises feeding hydrocarbon fuel and an oxidant into 

the combustion throat: creating a flame front within 35 
the combustion throat adjacent the fuel nozzle dis- 
charge by igniting the hydrocarbon fuel in the 
combustion throat: continuously feeding hydrocar- 
bon fuel through the supply nozzle directly into the 
flame front: simultaneously and separately feeding 40 
an oxidant gas through the supply nozzle into the 
throat radially outwardly of the hydrocarbon fuel, 
the oxidant gas enveloping the flame front and 
sustaining a high-velocity diffusion reaction: and 
feeding a feedstock into the throat and the high- <s 
velocity diffusion reaction so accelerating the feed- 
stock in fine particulate form through the converg- 
ing opening and the discharge nozzle. 

12. A method according to claim 11. wherein 

the feedstock is fed in powder form axiaily through so 
the supply nozzle through the continuous high- 
velocity diffusion reaction and the flame front the 
flame front heating the powdered feedstock and 
accelerating the heated powdered feedstock 
through the exhaust nozzle. 55 

13. A method according to claim 12. wherein a 
metal feedstock is melted adjacent the outlet of the 
exhaust nozzle, the heated powdered feedstock 



and gas atomising and accelerating the melted 
metal feedstock substantially uniformly distributed 
in the powdered feedstock. 

14. A method of heating and accelerating a 
feedstock in fine particulate form to supersonic 
velocity in a flame spray gun. the flame spray gun 
having a feedstock bore for feeding the feedstock 
into a convergent combustion throat through a sup- 
ply nozzle and the convergent combustion throat 
having an axial opening communicating with a dis- 
charge barrel of the gun. which comprises feeding 
a fuel through a fuel opening in the supply nozzle 
into the convergent combustion throat: feeding an 
oxidant through an annular oxidant opening in the 
supply nozzle surrounding the fuel opening into, the 
convergent combustion throat and igniting the fuel 
and oxidant so creating a reaction within the throat 
comprising a flame front and a continuous high- 
velocity diffusion reaction: separately feeding the 
feedstock into the convergent combustion throat 
through the supply nozzle into said reaction: and 
the continuous high-velocity difffusion reaction and 
flame front within the convergent throat heating and 
accelerating the feedstock and the products of 
combustion * of the fuel and oxidant through the 
axial opening and discharge barrel. 

,15. A method according to claim 14. wherein 
the feedstock is separately fed in a fine particulate 
suspended in an inert carrier gas through an axial 
feedstock opening in the supply nozzle coaxially 
aligned with the axial throat opening and the fuel is 
separately fed through an annular fuel opening 
surrounding the feedstock opening into the conver- 
gent combustion throat. 

16. A method according to claim 14 or 15, 
wherein a molten metal stock is fed into the heated 
and accelerated feedstock adjacent the outlet of 
the discharge barrel, the accelerated fine par- 
ticulate feedstock and gas atomising and projecting 
the atomised liquid metal feedstock, substantially 
uniformly distributed in the particulate feedstock, 
toward a target. 

17. A method according to any of claims 14 to 
16. wherein the ends of at least two wires of metal 
feedstock are continuously fed into the accelerated 
fine particulate feedstock and an electnc arc estab- 
lished across the wire ends, the electric arc melting 
the wire ends and forming the molten metal feed- 
stock. 

18. A metal-matrix composite formed by ther- 
mal spraying which comprises a refractory material 
uniformly dispersed in a metal-matrix and substan- 
tially fully dense as thermally sprayed. 

19. A method of forming a composite material ■ 
having at least two components on a target, which 
comprises flowing a first component of the com- 
posite material as a fine particulate entrained in a 
gaseous carrier through a heated chamber and 
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simultaneously heating and accelerating the first 
component and carrier gas to at least near super- 
sonic velocity; melting a second component of the 
composite material in the path of the accelerated 
and heated particulate first component and carrier 5 
gas forming a liquid second component of the 
composite material, the accelerated and heated 
particulate first component and carrier gas atomis- 
ing the liquid second component accelerating the 
atomising liquid second component to near super- io 
sonic velocity and forming a stream of the first and 
second components and carrier gas substantially 
uniformbly distributed in the stream; and impacting 
the stream of first and second components against 
a target in the path of the stream, forming a sub- is 
stantially homogeneous composite material. 

20. A metal-matrix composite comprising re- 
fractory material substantially uniformly distributed 
in a metal-matrix formed by the method of claim 

19. 20 

21. A method of forming a metal-matrix com- 
posite material having at least two components 
which comprises heating and accelerating a pow- 
dered refractory material as a first component of 

the metal-matrix composite to near supersonic ve- 25 
locity in a gaseous stream directed toward a target; * 
melting a metal as a second component of the 
metal-matrix composite material and feeding -the 
liquid metal into the stream ofheated and acceier- 
ated powdered refractory material, the accelerated • 30 
heated powdered refractory material and gas at- 
omising the liquid metal arid accelerating' the at- 
omised liquid metal in the stream substantially uni- 
formly distributed in the powdered refractory ma- 
terial; and collecting the stream of powdered metal- 35 
matrix material and atomised liquid metal forming a 
substantially homogenous metal-matrix composite 
material. 
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